A root pressure probe was employed to measure hydraulic properties of primary roots of maize (Zea mays L.). The hydraulic conductivity (Lp,) of intact root segments was determined by applying gradients of hydrostatic and osmotic pressure across the root cylinder. In hydrostatic experiments, Lp, was constant along the segment except for an apical zone of approximately 20 millimeters in length which was hydraulically isolated due to a high axial resistance. In osmotic experiments, Lp, decreased toward the base of the roots. Lp, (osmotic) was significantly smaller than Lp, (hydrostatic). At various distances from the root tip, the axial hydraulic resistance per unit root length (Rx) was measured either by perfusing excised root segments or was estimated according to Poiseuille's law from cross-sections. The calculated RX was smaller than the measured RX by a factor of 2 to 5. Axial resistance varied with the distance from the apex due to the differentiation of early metaxylem vessels. Except for the apical 20 millimeters, radial water movement was limiting water uptake into the root. This is important for the evaluation of Lp, of roots from root pressure relaxations. Stationary water uptake into the roots was modeled using measured values of axial and radial hydraulic resistances in order to work out profiles of axial water flow and xylem water potentials.
radial (RR)2 and an axial (Rx) component and their relative importance for the root to collect and to transport water has been stressed (9, 11, 12, 18) . However, reasonable quantitative data of RX and RR are rare, although they are a prerequisite for a proper modeling of water flows across roots. Previous studies on end segments of primary roots using the root pressure probe (20) (21) (22) (23) suggested that, to some extent, RX of the xylem may contribute to the overall resistance (20, 21) . A contribution of RX could be important because the radial hydraulic conductivity (Lpr) is commonly evaluated neglecting Rx. This is true for usual exudation experiments, pressurized exudation (3) , and stop-flow techniques (8, 10, 15) as well as for the root pressure probe (19) (20) (21) (22) (23) . Therefore, the radial versus the axial hydraulic resistances of excised primary roots of maize seedlings have been measured in this paper in order to work out their relative importance for limiting the water uptake by roots. In addition, the dependence of the hydraulic conductivity on the nature of the driving force has been investigated in relation to the variability of the hydraulic conductivity (Lpr) along the root. The results have been used to model hydraulic properties of roots and to calculate profiles of the rates of axial water flow and xylem water potential according to a mathematical treatment originally introduced by Landsberg and Fowkes (9) .
MATERIALS AND METHODS

Plant Material
The uptake of water from the soil and its transport to the shoot is an essential function of the root system. The movement of water across the root is driven by water potential differences and limited by hydraulic resistances. It is commonly thought that in the transpiring plant, water uptake is purely passive and mainly follows a hydrostatic pressure gradient between the root surface and xylem. Since there is an osmotic barrier in the root, a concentration difference of solutes between the xylem and the surrounding soil solution will also act as a driving force for water movement. Thus, hydrostatic and osmotic pressure components do occur in the intact root, and they may contribute differently to the overall water flow under different conditions (19) .
The overall hydraulic resistance has been separated into a 'Supported by the Deutsche Forschungsgemeinschaft, Sonderforschungsbereich 137 . 719 Experiments were carried out on primary roots of 3 to 16 d old plants of Zea mays L. cv 'Tanker' grown in hydroculture. The methods employed in germination and in growing the seedlings have been described in detail elsewhere (21, 23) . 2 Abbreviations: RR, radial hydraulic resistance (per unit ofeffective surface area); RX, axial hydraulic resistance (per unit length); a, radius ofthe root; A, geometric surface area ofthe root; Aref effective surface area of the root; Jvr, radial volume flow across the root; kw,r, rate constant of water exchange between root xylem and medium; 9, root length, L, total hydraulic conductance; LX, axial hydraulic conductance; Lpr, radial hydraulic conductivity (per unit of effective root surface area); LpaPP, apparent radial hydraulic conductivity (per unit of geometric root surface area); Pr, root pressure; qR, radial water flow across the root; qT, total water flow across the root; qx, axial water flow across the root at a certain distance from the root tip, z; r, radius of a conductive xylem vessel; Vs, volume of the measuring system; z, position along the root; a, inverse of the half-length of a drop of Tx; *s, water potential of the nutrient solution; Tx, water potential of the xylem.
The nutrient solution contained the following major components (in mM) K+ (1.5), NH4' (2.0), Ca2+ (0.75), Mg2+ (1.0), NO3-(4.0), SO4-(0.75), and PO3J (0.75), along with a solution containing micronutrients and Fe-EDTA (0.04 mM; pH = 6.0).
Measurement of Root Hydraulic Conductivity
Excised segments of roots free of visible laterals (length, 18-140 mm; diameter, 1.0-1.4 mm) were sealed to a root pressure probe with the aid of silicone rubber seals (Fig. 1) According to Poiseuille's law, the hydraulic conductance of the root xylem would be =X=-n. (3) provided that the xylem vessels can be treated as circular tubes of constant diameter. vj = viscosity of water (1. IO-' MPa.s at 20°C); n = number of conducting xylem elements; r = radius of conducting elements; Q = length of conducting elements. The hydraulic resistance per unit length, Rx, would be (5) where Ts = water potential of the surroundings. In principle, Ts, Tx, RR, and qx may vary along the root, i.e. they should be functions of the distance from the root tip (z). The axial flow component, qx (in m3-s-'), will be related to the axial resistance and to the gradient of the water potential in the xylem by 1 d1x qx(z) = -Rx(z) dz (6) Conservation of matter requires that the change in qx(z) over a distance of dz would be ( Fig. 2 (9) . For an unbranched root segment (Fig. 2) , the radial flow of water (qR) in m3 m-2 s-' following a potential gradient between the xylem and its surroundings (soil, nutrient solution) is given by a2 = 2.-r*a* RX RR'
The meaning of a is that of an inverse of a half-length of a drop of Tx 
This differential equation was numerically solved on a personal computer assuming a constant Ts along the root to get Tx(z) and qx(z) at given Rx(z) and RR(Z) characteristics.
With respect to the function of the root the total amount of water taken up (qT = qx(c) is important. This will be given by (9) = Rx(c) *Vdz 
RESULTS
In hydrostatic experiments, the apparent hydraulic conductivity per m2 of root surface area (LpaPP) steadily increased with root length (Fig. 3A) . The relationship between LpaPP and Q which was fitted by a polynomial ofthird order indicated very low LpaPP values at Q < 15 mm from the root tip. This finding corresponded with earlier studies which showed that cutting off 10 to 20 mm of the root tip had little effect on the (Fig. 3B) . After correcting Lpr to effective root surface areas it was found that, in contrast to the hydrostatic experiments, the relative changes of Lpr with root length were even more pronounced. In accordance with previous results, the osmotic Lpr was remarkably smaller than the hydrostatic Lpr (21, 23 Figure 4B with those of Lpr-Aeff in the inset of the same figure) and, therefore, changes of the total hydraulic conductance with root length were mainly due to changes of the absolute value of Lx.
Results Figure 5 , estimates of Rx for protoxylem and for protoxylem and early metaxylem using the results from cross-sections and Distance from root apex (im) Figure 5 . Axial hydraulic resistance, RX, measured on root pieces of a length of 18 mm cut at different distances from the apex (z). RX is plotted over the middle of the intervals and each data point represents an individual root (39 roots in total). Linear and log plots are given because of the large variation of RX along the root axis. A polynomial of third order was used to fit the data points. This fit was used in the calculation of root profiles (see Eqs. 7-11 and Poiseuille's law are indicated by dashed lines. They show that within the first 10 mm from the root apex only protoxylem should have been conductive. Between 10 and 40 mm, early metaxylem gradually matured. In the upper part of the root, the measured RX was by a factor of 5 larger than the calculated (Fig. 5) . (Table I) . Despite differences in RX, it was found that axial resistance was much smaller than radial.
The data points ofRx measured as a function ofthe distance from the apex were fitted by a polynomial of third order (Fig.   5 ). According to Equations 7 to 10, profiles of a(.[Rx/RR]/2; Eq. 9), Tx, and qx, were calculated for steady state conditions using the measured, variable values of RX(z) and RR(Z) (Fig.  6 ). For (Fig. 3) 830 60 (n=10)
1I(Lpr-Aeff9) x 10-9 (MPa s m-4)
Measured axial resistance (Fig. 4) scribe osmotical induced water flow were different from those in the model of Landsberg and Fowkes (9) .
In the calculation based on measured resistances, the variability of Rx/RR along the root resulted in a steep gradient of 4x in the apical 35 mm, whereas 'x(z) increased slowly in the rest of the segment. Radial and axial water flows were influenced by a change of Ix (Eqs. 5 and 6). The axial water flow (qx) increased monotonously between 25 and 120 mm from the root apex. The apical 20 mm did not contribute significantly to qx. This result can be explained by the steep gradient of Rx in the tip region. The total flow of water across the root segment (qT) following a hydrostatic pressure gradient of -1.0 MPa was qT = 8.6. 10-" m3*s-' (=0.086 gL.s-').
When the pressure gradient was varied in the model, a proportional change of the absolute value of qx(c) was found without affecting the shape of the profiles. Assuming that the vessels of the early metaxylem were conductive throughout the root (a = 4.5 m-') strongly reduced the gradient of Ix and increased qT (qT = 10.7. 10-" m3'*s-' = 0.107 uL s-'). In the case of a = 45 m-', i.e. increasing Rx by a factor of 100 relative to RR, Tx changed rapidly in the basal parts of the root and water uptake was mainly restricted to these zones (qT = 2.2. 10-" m3 s-' = 0.022 L s-').
DISCUSSION
The results indicate that (a) the apical root zone (up to 15-20 mm from the tip) was ineffective in collecting water, (b) Lpr was rather constant along the rest of the root segment in hydrostatic, but not in osmotic experiments, and (c) the axial resistance ofthe xylem (Rx) did not vary substantially between 40 and 140 mm from the apex. Measured values of Rx were smaller by a factor of 2 and 5 than those calculated according to Poiseuille's law. Except for the apical zone, the radial hydraulic resistance (RR) was much more important in limiting water uptake than the axial hydraulic resistance (Rx).
The hydraulic conductivity of the roots was dependent on the nature of the pressure gradient applied. The difference between hydrostatic and osmotic conductivity has been explained in terms of a root model with different parallel pathways for radial water movement exhibiting different hydraulic conductivities (19) (20) (21) (22) (23) . In hydrostatic experiments with maize, water flow appeared to be predominantly apoplasmic, whereas in osmotic experiments there was a substantial cellto-cell transport. Different species may exhibit a different pattern in radial pathways for water movement (19, 20) . The constant Lpr (hydrostatic) found in the present experiments may, thus, point to a rather constant apoplasmic conductance in the root segments up to a root length of about 140 mm, although a decrease in the more basal parts (at z > 140 mm) cannot be excluded. Therefore, the finding does not necessarily contradict the usual picture of a maximum of water absorption in a zone just behind the elongating region. Differentiation occurred along the segments showing, for example, lateral root emergence at 60 mm from the apex (21) . Secondary root initials could have provided an additional conductive area for radial water flow (14) . In barley roots, the rate of water uptake measured under transpiring conditions (hydrostatic gradient) corresponded well with the developmental state of the endodermis when the water uptake across the laterals was prevented ( 17) .
In contrast to the hydrostatic experiments, the osmotic experiments did show a decline in Lp, (Fig. 3) . Similar results for maize roots have recently been obtained by Jones et al. (8) using an osmotic stop flow technique. Usually, the decline has been interpreted to result from the development of the endodermis (2, 5, 7) , the formation of an exodermis (13) , or from changes ofthe hydraulic conductivity ofcell membranes along the root (16) . It should be noted that the corrected osmotic Lp, may be an underestimate at distances of z < 30 mm from the root tip. In this area, both Lpr(osmotic) as well as the axial conductance are low and water would have to overcome two resistances in series. For the tip, reliable data ofLp,(osmotic) as well as ofLpr(hydrostatic) are not available because axial and radial components could not be separated.
Axial resistances (Rx) have been measured in cutting experiments and by perfusing small root pieces. In addition, Rx (Fig.  6) . A small ratio of Rx/RR resulted in a monotonous increase of qx at a distance between 30 and 120 mm from the apex, although the gradient for the driving force along the xylem (dIx/dz) was rather low (Eq. 6). On the other hand, in the tip region, water uptake was substantially restricted by the steep increase of Rx. According to Landsberg and Fowkes (9) , regions of monotonous increase of qx along the root define the effective root length in terms of water uptake. Therefore, the effective length of the segments used in this paper was close to the total length. However, it cannot be excluded that a could vary in older parts of the roots so that the picture of the segment could be different from that of a root system. For example, the calculated flow rates per unit area of effective surface area, Jv, (=qT/Ae,), in the present study were twice as high as in Miller's measurements of volume flows across root systems of maize assuming the same value of driving force (10). Since Lpr was similar in both studies, the difference may indicate changes of a along the older, branched root system which could be due to suberization and subsequent increase of RR. This shows that the influence of either radial or axial resistances on water flow cannot be discussed independently.
The calculation of Lpr using the pressure relaxation technique (as in this study) also requires the knowledge of RX. In the simple two compartment model of the root, RX should be significantly smaller than RR, i.e. cable effects should be small. Except for the tip region, this assumption was fulfilled for maize, but also for roots of Phaseolus (20) 
